During the latest decade, experiments have been performed at the CERN SPS to investigate the use of high-energy channeled nuclei in bent crystals for extraction, beam splitting and beam bending. An understanding of channeling in a bent crystal with extraction and de¯ection eciencies for dierent energies, crystal types and ions has been developed. Furthermore, the long-standing question of radiation damage has been addressed with encouraging outcome. This makes extrapolations possible for the construction of, e.g., an extraction device for the LHC at CERN, RHIC at Brookhaven or new splitting elements in high-energy beams.We present the main results obtained and discuss existing and future applications of bent crystals in high-energy physics. Ó
Introduction
In the so-called continuum approximation, charged particles incident on a single crystal with small angles to crystallographic directions, experience the collective ®elds as if smeared along the string or plane. If further the particle is of suciently low transverse momentum with respect to the crystallographic direction it can be restricted to areas away from the nuclei (positively charged particles) or close to the nuclei (negatively charged particles). In this case the particle is channeled and is guided by the lattice such that a separation of the longitudinal and transverse motions is present. The result is a conserved`transverse energy' and therefore a transverse potential in which the particle moves.
The guidance of channeled particles persists even if the crystal is slightly bent, such that the particle may be deviated from its original direction Nuclear Instruments and Methods in Physics Research B 164±165 (2000) 27±43 www.elsevier.nl/locate/nimb of motion as in a magnetic dipole. Since the ®elds that are responsible for this deviation are the extremely strong (screened) ®elds present near the nuclei, the corresponding bending power can reach a magnitude of several thousand Tesla. The condition for the particle to be channeled is expressed by Lindhard's critical angle [1] , w c : where w and p are the angle to the crystallographic direction and the momentum of the penetrating particle, respectively. In Table 1 critical angles calculated from the`standard' potential are given. The axial and planar critical angles are given as respectively, where Nd p is the planar density of atoms, N being the atomic density and d p the planar spacing, d the atomic spacing along the string, Z 1 e the charge of the penetrating particle, Z 2 e is the charge of the lattice nuclei, C 9 3 p Lindhard's constant and a TF is the Thomas±Fermi screening distance.
Following the prediction by Tsyganov [2] that particle de¯ection in crystals would be possible, an experiment was performed at JINR, Dubna, for planar de¯ection by channeling of 8.4 GeV protons [3±6] . Shortly after, experiments at CERN con®rmed the eect for channeling of 12 GeV/c positive and negative pions [7, 8] . Eciencies up to 20% were observed, but in the case of negative pions, no particles were de¯ected through the full bend angle, 4 mrad. In all succesful cases of axial de¯ection a strong feed-in to the planes was observed. Meanwhile, volume capture was shown to be a signi®cant eect in experiments at low-energy (few GeV) [9±12] .
To test the newly developed theory of dechanneling in a bent crystal, several experiments were performed on the one hand to measure dechanneling fractions and lengths [13±16] and on the other hand to prove the feasibility of using a bent crystal as a septum at low-and high-energies [ 17± 19] . Dierent bending devices were used, a threepoint bender, a four-point bender (to reduce dechanneling loss) and ®nally a ZnO coating giving a uniform curvature. The agreement with a theory for dechanneling was shown to be within experimental errors when the critical distance was changed from being equal to the Thomas±Fermi screening distance x c a TF to 2.5 times the onedimensional thermal vibration amplitude x c 2X5u 1 . Moreover, at this point the behaviour of the dechanneling length, L D , with angle and energy in a bent crystal was at least phenomenologically understood.
More than 10 years after the ®rst experiments on de¯ection in crystals, the Aarhus±CERN± Strasbourg collaboration managed to de¯ect 10% of an external proton beam at 450 GeV/c through an angle of 7 mrad. The dechanneling fraction was found to be roughly the value predicted by theory [20] . At this point, investigations were made in view of applications for beam de¯ection in the CERN K12 beam for NA48 and for extraction at the LHC and SSC [21] .
An extensive review of channeling in bent crystals up to 1995 with emphasis on the contributions from the Russian groups can be found in [22] . More details on theory and early experiments are given in [23, 24] .
In the following we discuss some general aspects of channeling in bent crystals, introducing terms such as the critical curvature, equivalent magnetic ®elds, curvature and multiple scattering dechanneling which leads to a compact analytic expression for the de¯ection eciency, a model which turns out to ®t the data remarkably well.
Then we move on to more`exotic' subjects as volume capture and axial de¯ection and a discussion of radiation damage to the crystal and its eect on the de¯ection properties. This is followed by a treatment of the behaviour of the de¯ection eciency as a function of momentum and charge (of both the particle and the lattice nuclei) with a small interlude on low-energies and radiation from bent crystals. Finally, we review a number of applications of bent crystals ± extraction, focusing, spin-procession and beam-splitting ± which lead to a discussion of the perspectives and lastly a conclusion. Throughout, we intend to give simple, but relatively accurate estimates and interpretations of the important properties in connection with results from experiments.
De¯ection of charged particles in bent crystals
Even if the crystal lattice is slightly deformed, the steering eect of the lattice is maintained for a channeled particle. This means that in a curved crystal, the incident, channeled particles will be de¯ected with respect to their original direction of motion. However, due to the curvature, the penetrating particle is subject to a centrifugal force in the transverse direction. This means that the transverse potential, U x, is modi®ed by U cf :
where x is the transverse distance from the middle of two adjacent planes and j 1aR is the curvature corresponding to the radius of curvature, R.
Critical curvature
Since the centrifugal term lowers the potential barrier at the outside plane, there is a certain curvature at which the potential minimum is reached at the distance x c from the plane where the particles will dechannel. Estimating this curvature, Tsyganov found that as long as the curvature ful®lls the condition [2] j 6 j c pZ 1 Z 2 e 2 Nd p pv 3 the charged particle can channel in a curved crystal.
Analogously, one may ®x the maximum curvature by requiring that the bending angle, h, over one oscillation length in the channel, k w , must be smaller than the critical angle [25] 
This interpretation of the critical curvature ± that the particle needs time or a certain number of interactions with the lattice planes to accommodate a change of direction of motion ± can also be used for axial channeling as will be discussed below.
Strong ®elds
In consideration of the strong ®elds in a crystal it is understandable that a crystal has a superb bending power. One can calculate the equivalent magnetic ®eld, B jpaZ 1 e, corresponding to the critical curvature, Eq. (3) as
which is of the order of 2500 Tesla for a silicon crystal. Clearly, Eq. (5) shows that a high-Z material is preferable for de¯ection.
Dechanneling
The length, L D , over which a planar channeled beam of protons in a straight crystal has been reduced to the fraction 1/e of the initial intensity by transfer to the random beam by multiple scattering is given for c ) 1 by [26, 27] 
where I is the ionization potential, c the Lorentz factor, m the rest mass of the electron and a TF the Thomas±Fermi screening distance. This approach ignores the dependence on the temperature. Nevertheless Eq. (6) has been shown to be in good agreement with measured values of L D at room temperature [27] . Some selected values of L D are given in Table 2 .
Since the dechanneling length, Eq. (6), and the equivalent ®eld are both proportional to d p , the equivalent integrated ®eld depends on d Therefore, for a speci®c material it is important to choose the widest planes to optimize the de¯ection eciency.
Curvature dechanneling
The centrifugal force directs the particle towards the outer plane where it suers increased multiple Coulomb scattering. Furthermore, for a given distribution in the transverse direction the fraction of particles having a transverse energy near or above the potential height ± the (curvature) dechanneling fraction, F ± increases with increasing curvature. Thus, the eective area of the phase-space of the beam which can channel through a bent crystal decreases with increasing bend.
In Fig. 1 the area in the transverse potential available for channeling is seen below the (decreased) barrier height where the potential for a positively charged particle is approximated by a harmonic potential.
For Si (110), Ge (110) and W (110) the values for the minimum radius of curvature, R c 1aj c , are given in Table 3. 1 Papers by Kudo [28] and by Ellison and Picraux [29, 30] covered the calculation of the dechanneling fraction, F, by use of the Moli ere potential. Ref. [30] gives`Universal curves' from which F can be determined as a function of normalized curvature, C ja2j c , for dierent values of d p and x c and for a completely parallel beam. Experiments obtained for a crystal of uniform curvature in a divergent beam, [13] have shown good agreement with the theory.
Multiple scattering dechanneling
To account for the increase in multiple Coulomb scattering due to the centrifugal term, the dechanneling length is modi®ed to L D F L D 01 À F 2 . This is the case, since in the harmonic approximation to the potential for positive particles, U x 1 2 kx 2 , the depth of the well which is eective for channeling, E depth , depends on the curvature as
Therefore, for small F where F 9 3jaj c 9 jaj 
Model for de¯ection eciency
Summarizing, consider a crystal of length, L, which is bent over the length, L B , where L À L B L S . The surface transmission ± the fraction of initially channeled particles ± is e S . The eciency will then be approximately
Note that in the case of a uniformly bent crystal, F F max . For a varying curvature, one must calculate F j according to the local curvature and ®nd the total multiple scattering dechanneling by multiplication of the contributions:
For a non-uniformly bent crystal, the curvature dechanneling takes place in the part of the crystal where the curvature increases. Therefore, for instance for an ideal three-point bender where the curvature increases in the ®rst half of the crystal, the modi®cation L B 3 L B a2 must be made.
For an application, the angle would typically be ®xed to match some external constraints. Since the straight crystal dechanneling favours small crystal lengths and the curvature dechanneling long crystal lengths (for ®xed angle), there is an optimum crystal length which depends on the angle and which is only weakly dependent on energy when the length is expressed in units of the dechanneling length. As a further simpli®cation one may consider a crystal which is bent uniformly all the way to the edge and a large de¯ection eciency implying a small F (F`0X5 or so). In that case the approximate eciency, given g F j c aj 9 3, is
where
is only weakly dependent on energy, see Table 4 . Eq. (9) has a maximum at the optimum length given by
with an eciency value at this maximum of
where the last approximations are for ghaL D j c small. An example of values is given in Fig. 2 . Essentially the optimum length in units of the dechanneling length and the maximum eciency is ®xed by the choice of angle for a wide range of energies.
Note that the de¯ection is essentially free of momentum dispersion, but that losses are momentum-dependent. This, on the other hand, also means that no momentum or charge selection can be performed with a bent crystal in contrast to in a magnet. 
Comparison ± model versus experiment
One of the early experiments at CERN con®rmed expectations on the behaviour of the eciency as a function of angle for a 450 GeV/c proton beam in a bent Si (111) crystal [32] . This study measured eciencies as high as 50% at small angles and included dierent angles up to 912 mrad, see Fig. 3 .
As seen from the ®gure, the relatively simple model reproduces the data quite well for all angles where the de¯ection eciency was measured.
For these measurements, the crystal was aligned by observation of the reduced restricted energy loss under channeling conditions (for details, see [32] ). A special feature of the (111) planes in a diamond lattice is that there are wide and narrow planes with a relative width of 1:3. Thus, it is to be expected that along the narrow (111) planes, the restricted energy loss under channeling conditions is increased with respect to random incidence. This is also observed, see Fig. 4 , where the energy loss of the best channeled particles (selected by tagging de¯ected particles) is shown.
Volume capture
The reverse eect of the multiple scattering dechanneling in a curved crystal, the so-called feed-in or volume capture is a consequence of Lindhard's reversibility rule [1] . The eect arises because the particles in the beam will enter the crystal and at some point during the bend, the tangent to the crystallographic plane will coincide with the direction of motion of the particles, independent of the critical angle. At this point, the particle may lose transverse energy in a collision with e.g. an electron. Thus, in principle, the capture of particles to channeled states can take place for all angles smaller than the bend angle, see [33, 34] . However, the probability varies as w % Rw c aL D G Rap 3a2 , since only near-barrier states can enter the channel which happens with a probability G 1aL D , [31, 35] .
Volume capture is quite small in Si already at 70 GeV, w 70 9 0X08% R [m], see [26, 36] . Nevertheless, volume capture can be used to measure (bending-) dechanneling lengths in materials in which it is not possible to select channeled particles by means of energy-loss discrimination. A uniformly bent crystal is used and the number of fully de¯ected particles registered as a function of impact position on the periphery. This number decreases exponentially as expÀL/aL D j, where L/ is the length of the crystal from impact point to endface. From this one can extract the dechanneling length, L D 0 by scaling, see Eq. (7) and the following discussion. Good agreement with theory, Eq. (6), has been demonstrated [27] .
In a similar fashion one can derive the reverse of the curvature dechanneling, the so-called gradient volume capture [26, 36, 37] . As the particle is incident on a centrifugally distorted planar potential for which the shape changes towards a nondistorted potential (when the curvature diminishes in the direction of motion), a particle can get caught if it enters within DE 9 pvkx djadz above the lower potential barrier. Here, k is the wavelength of the oscillation imposed by the potential barrier and x is the average transverse coordinate. Thus, it is possible to capture a fraction of the beam if the curvature changes rapidly and k w G 1aw p G pv p is large.
Axial de¯ection
Along an axial direction, an incident, positively charged particle in a beam scatters o many atomic strings and while the polar angle to the string is conserved in the continuum approximation, the azimuthal angle will change and the beam will reach an equilibrium state giving a uniform doughnut in angle space after the ensemble of particles has traversed a length given for w 6 w 1 by [1] k in c 9 4w p 2 Nda TF w 2 1
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and for w P w 1 roughly as [7, 38] 
If the dechanneling is a smaller eect than the redistribution around the direction of the string caused by doughnut scattering, bending can take place, i.e. if L doughnut D ) k c which leads to [7] 
This condition translates into a condition similar to the one for planar de¯ection, namely that the de¯ection angle over one redistribution length (in this context similar to a channeling oscillation length) must be smaller than the critical angle as in Eq. (4),
The axial and planar de¯ection mechanisms can thus be described qualitatively in the same terms by use of the characteristic lengths k c and k w , respectively.
One of the reasons to consider axial beam deection is that it applies both to negative and positive particles (although not in the same way) as has been shown in simulations [39±41]. De¯ection of negatively charged particles by planar channeling in a bent crystal would suer heavily from the increased multiple scattering such that mechanically feasible crystal lengths would correspond to several L D at sub-TeV energies. Further, the surface transmission for negatively charged particles is much smaller than for positively charged.
Another reason to consider axial beam de¯ec-tion is that the critical angle is a factor 9 3 larger for axial channeling than for planar channeling and that the dechanneling length is larger. However, axial de¯ection requires a beam which is well-de®ned in angles in both planes, whereas the angular acceptance along the planes for planar de¯ection is limited by the shape of the crystal only [42] . A discussion of axial de¯ection of protons and highly charged ions is given in [43, 44] which present a comprehensive review of scattering by atomic strings.
Radiation damage
Clearly, the eects of irradiation pose a major restriction on the applicability of the de¯ection phenomenon in a bent crystal. If the de¯ection would have been as strongly in¯uenced by radiation as e.g. a solid-state detector, the usefulness of bent crystals would have been very limited.
The irradiation must aect a signi®cant fraction of the atoms encountered in one oscillation in the channel in order to reduce the de¯ection eciency. This is due to the`smearing' of the potential over of the order k w ad 9 10 5 atoms for channeled particles and therefore the in¯uence of only a few vacancies or interstitials will be`averaged out'.
3.1. Imperfections and radiation damage 3.1.1. Imperfections
It is expected that the contribution to dechanneling from stacking faults remains constant with energy, and point defects decrease as 1ak w G 1a pv p [45] . In the case of dislocations, however, the contribution grows with increasing energy: In terms of the Burgers vector, b, the local curvature at a distance, r, from a dislocation is given by j 9 ba7r
2 [29] . If then the dechanneling length is taken as L n D 1an D 2r D , where n D is the areal dislocation density (assuming that the dislocations extend transversely all along the crystal) and r D is the distance within which the particle is dechanneled one gets L n D G 1a pv p since j c G pv.
In other words, the in¯uence of dislocations increases with increasing energy since a larger fraction of the beam experiences local curvatures near or in excess of j c .
Therefore, at high energies it is necessary to have a crystal of not only low mosaic spread, but also low dislocation density. This, together with requirements on the size, sets rather stringent limits on the choice of material [46] . For this reason, only Ge and Si have been used as crystal de¯ectors so far, although studies are being made to improve the quality of higher-Z crystals like W and Mo and possibly use them as de¯ection devices [47±50]. Another possibility is to use bent diamond crystals which can now be grown in sizes sucient for mechanical bending [51] . In this case, the advantages compared to Si or Ge are a higher radiation hardness, higher thermal conductivity, smaller thermal expansion and a much smaller photon absorption length in the keV region. Thus, it may be envisaged to use diamonds in applications where the critical angle is not a severe limiting factor, where the bend angle is small and where e.g. the radiation hardness is important.
Detectors implanted on the crystal deteriorate seriously after irradiation by 10 13 protons/cm 2 and cease to function at a¯uence of 10 16 protons/cm 2 [52] . This limit, of course, would be completely devastating for a potential application of bent crystals in a high-intensity beam. The question about the in¯uence of radiation damage on the channeling, and therefore bending, properties was investigated in a series of papers with increasing dose to the crystals examined, but no conclusion could be drawn as to the onset of in¯uential damage in terms of exposure. Throughout, the lower limit for the acceptable dose kept increasing towards the limit of the realistic dose in dierent applications.
The ®rst paper on the important question of radiation damage showed a change in dechanneling length at an exposure of only 1X0 Â 10 17 protons/cm 2 at 400 GeV/c. However, the de¯ection eciency was`not appreciably reduced by the irradiation' [53] . Later studies with a crystal irradiated by 1 Â 10 18 protons/cm 2 and examined by Rutherford backscattering (RBS) did not detect any damage [52] . At Serpukhov a crystal septum was irradiated by 9 10 19 protons/cm 2`w ithout any noticeable deterioration' [54] . Finally, a silicon crystal was irradiated with 4X1 AE 1X4 Â 10 20 protons per cm 2 at 28 GeV and examined by RBS (2±3.5 MeV He ions) with the conclusion that damage had occurred [55] . What remained to be answered was the eect this would have on the de¯ection properties.
Since the number of atoms participating in the de¯ection of a channeled particle over one wavelength in the oscillatory motion in a planar channel, k w , is proportional to pv p it is dicult to relate the behaviour at low-energy to that at high energies. Similarly, the total nuclear crosssection varies signi®cantly for energies below %1 GeV [56, p. 156] such that irradiation at lowenergies does not lead to the same eect as at high energies. Clearly, the best test to decide whether or not a crystal will be aected by irradiation, is to subject it to a beam with the same energy as that it is intended to de¯ect, and thereafter examine its de¯ection properties with this beam.
Radiation limit at 450 GeV
In 1996, an experiment was performed at the CERN SPS where a crystal that was previously used to de¯ect up to 50% was irradiated in one of the target stations during a full year to a peak uence of 5 Â 10 20 p /cm 2 . Unfortunately, the crystal broke into two pieces during investigations of the irradiation pro®les, resulting in a strong anticlastic bending (i.e. a curvature perpendicular to the applied curvature). A contact radiography picture of the 10 Â 50 mm 2 face of the crystal is shown in Fig. 5 where the fracture and the irradiated areas are clearly seen.
The results after compensation for the severe anticlastic bending of the crystal are shown in Fig.  6 (for details on analysis etc. see [57] or [58] ). The reduction in de¯ection eciency ± assuming a linear dependence ± corresponds to a deterioration coecient of 6% /10 20 p /cm 2 . This result is very encouraging for the intense beam for the NA48 application (see below) which can run up to the order of 100 years before the crystal needs replacement.
Momentum and charge dependence
In order to be able to optimize the de¯ection eciency for a given application, it is important to know its behaviour with basic parameters such as the momentum of the penetrating particle as well as its charge and with the charge of the nuclei in the lattice. This has recently been investigated at the CERN SPS.
High-Z crystals
According to Eq. (5) the equivalent ®eld of a bent crystal increases proportionally to Z 2 while the dechanneling length does not depend on Z 2 . Thus one may expect to obtain higher eciencies from a heavy crystal. Encouraged by this, an experiment with 450 GeV protons was performed at the SPS with Ge bent in a three-point bender along the (110) plane [59, 60] . Fig. 7 shows the measured values for the deection eciency as a function of bend angle compared to the model calculations. Clearly, although the experiment shows some variation apart from the statistical¯uctuations indicated by the error bars, the model predicts the trend of the data quite well. We emphasize that the maximum curvature at 20 mrad in this case corresponds to an equivalent ®eld of 2000 Tesla!
Momentum dependence
In order to be able to extrapolate to higher energies such as that of the LHC, a 7 TeV proton collider which is being built at CERN, it is clearly desirable to investigate the energy dependence of de¯ection and to compare this with the model calculations. Following the good agreement for 450 GeV protons, an experiment with the same crystal was done with 200 GeV hadrons [59, 60] . Fig. 8 shows the results compared to the model with realistic numbers for the incident beam divergence. Again the model predicts the trend of the data very well for all angles such that reliable extrapolations to much higher energies are possible.
Furthermore, earlier experiments [13±19] have shown good agreement with similarly simple models for a few selected angles and span an energy range of 12±800 GeV. 
Low-energy, ( 1 GeV
The ®eld of charged particle de¯ection in crystals has recently been shown to be useful also for low-energy particles. The latter requires very thin crystals due to dechanneling and fabrication of a curved crystal has been done using a graded composition strained layer. The basis of this is the mixture of two materials with dierent lattice constants as e.g. Ge x Si 1Àx where the content x of Ge can be varied to produce strain in the crystal which will then bend accordingly. By this method, de¯ection of 3 MeV protons through an angle of 5 mrad has been demonstrated using a 200 nm Ge 0X15 Si 0X85 layer on a Si substrate. The strained layer has a maximum allowable thickness in order that relaxation by the introduction of lattice dislocations does not occur. Therefore, as opposed to mechanically bent crystals, there is in principle no maximum obtainable curvature, but instead a minimum [61] .
Radiation from bent crystals
A couple of papers have treated the radiation emitted from light particles channeled in bent crystals [62, 63] . Due to the condition for bent crystal channeling, Eq. (4), the energy of the ®rst harmonic of the channeling radiation [64, 65] will always exceed the energy of (the ®rst harmonic of) the radiation originating from the curvature of the channel.
Lately, these ideas have resulted in the theoretical possibility of producing undulator-like radiation from a crystal periodically bent by an acoustic wave [66, 67] or by graded composition strained layers in a superlattice [68] .
Highly charged ions
Since the critical angle, the critical curvature, multiple Coulomb scattering and thus the dechanneling length only depend on the ratio of projectile charge to momentum, one may expect that ions with the same momentum per charge as protons are de¯ected in a crystal with similar eciencies, 2 given that nuclear interactions and electromagnetic dissociation can be neglected. Under channeling conditions the latter close encounter processes are expected to be suppressed signi®cantly compared to random incidence.
Experiments were performed with the 33 TeV (400 GeV/Z, 160 GeV/amu) Pb 82 beam at the CERN SPS using a 60 mm long Si (110) crystal bent in a three-point bender. The de¯ected beam was easily detected by a coincidence of scintillator counters, see Fig. 9 [69±71]. The de¯ection eciencies for an angle of 4 mrad, 8% and 14% for divergences of 50 and 35 lrad, are in good agreement with the model calculations and with a more elaborate calculation performed by Taratin which includes interactions [50] . Recently, the behaviour of the de¯ection eciency as a function of bend angle has been investigated, and good agreement with the calculations which include interactions is found [72] .
In a later experiment, detection of particles predominantly of low charge emitted to a so-called interaction counter placed outside the de¯ected and unde¯ected beams showed a drastic reduction under channeling conditions. This indicates a strong reduction of nuclear interactions and electromagnetic dissociation for the channeled ions. It is therefore expected that the ions rarely suer neutron or proton loss and thus exit the crystal without being transmuted [73] . Furthermore, direct electron capture is exceedingly small at these energies and electron capture from pair production is again a close encounter process and is therefore suppressed for channeled particles [74, these Proceedings] .
We note that the 33 TeV Pb 82 ions deposit about 2 GeV/mm in amorphous Si and about half of this value in the aligned case [75] . One may therefore expect a severe radiation damage, but as typical highly charged ion beams are of much lower intensity than proton beams, this is probably not a limiting factor.
Pion de¯ection, positive and negative charges
Later, experiments on de¯ection in bent crystals also done at CERN investigated planar de¯ection of a 200 GeV/c positive pion beam compared to 450 GeV/c protons and de¯ection of negative pions along planar and axial directions in a Si crystal. At 450 GeV/c, another attempt at de¯ect-ing positively charged particles along an axial direction was done [42] . These experiments showed no unambiguous signal of axial-de¯ection due to a masking by planar-de¯ection, see also [76] .
At the same time, a few measurements were done with negatively charged pions of 200 GeV. In neither planar nor axial de¯ection any particles were de¯ected by the full bend angle, most likely due to too high curvatures and severe multiple scattering resulting in dechanneling.
Applications
Already quite a few applications of bent crystals have been proposed and many of these are being used in high-energy beams today as we will now discuss.
Extraction
Having shown that charged particle de¯ection is possible in external beams, an obvious extension is the extraction of particles from a circular accelerator by means of a bent crystal. A number of dierent aspects due to the interaction between crystal and accelerator then enter: 1. repeated interaction with the crystal (i.e. random incidence also of signi®cance); 2. surface properties of the crystal (small impact parameter); 3. dependence on the accelerator lattice (notably the so-called betatron amplitude function or b-function); 4. possible in¯uence on collider experiments. 1. If the particle does not ful®l the channeling condition at the ®rst encounter with the crystal, multiple scattering in the crystal and betatron oscillations during the following turns may bring it to the crystal under proper conditions at a later stage. This so-called multipass extraction has been shown to give a signi®cant contribution to extraction when the beam emittance is slowly increased through excitation of the beam [81] . The multipass mechanism also results in an angular dependence of the extraction eciency which is much wider than the critical angle for channeling.
2. When the beam is not de¯ected onto the crystal endface, but excited through beam±beam scattering (luminosity excitation) or by external means (white noise on a pair of de¯ector plates), the impact point of the particle with respect to the side of the crystal which is closest to the beam ± the impact parameter ± becomes of the order of a few nm. The tail of the distribution can reach magnitudes of up to lm, especially for the nonlinear beam±beam eects. Therefore the surface quality and miscut angle of the crystal become signi®cant.
3. As the value of the impact parameter is determined by the b-function at the position of the crystal, the accelerator lattice becomes decisive for the extraction eciency. If the b-function is small the particle cannot overcome the inecient surface layer whereas if the b-function is too large the long tail of the impact parameter distribution will escape the crystal. Likewise, the tune is important since it determines the number of turns necessary for a multiple scattered particle to return to the crystal with improved impact-parameter and -angle. Simulations show that values of b around 20 m at the crystal position are optimal at the SPS [77] . 4 . A virtue of the extraction of particles by means of a bent crystal is that the corresponding septum thickness is equivalent to the inecient surface layer which can be made as small as 10 nm. Thus one can extract particles from the accelerator parasitically, i.e. during collider operation, essentially without disturbance to the collider experiments.
The ®rst experiments on extraction were performed at Dubna where extraction eciencies ± usually de®ned as the number of particles extracted divided by the total number of lost particles ± of the order 10 À4 were observed [17] . Recently, deuterons of 3 GeV/amu have been extracted from the Nuclotron by a 300 lm thick Si crystal bent to an angle of 100 mrad with a curvature radius of 0.3 m [50] , 900 GeV protons have been extracted by an angle of 0.6 mrad from the Tevatron with an eciency of about 30% [78, 79] and 70 GeV protons have been extracted at Serpukhov by a 5 mm long crystal bent to 1.5 mrad with an eciency over 40% [80] .
At the CERN SPS, a series of experiments have proven the existence of the multi-pass extraction mechanism [81] , investigated the energy dependence at 14, 120 and 270 GeV [82] and have managed to extract 22 TeV Pb 82 ions [69±71]. In the last case, the signi®cantly narrower width of the angular scans compared to that of protons, indicates that single-pass extraction contributes more, probably due to extinction of some multipass events owing to nuclear interactions, see Fig. 10 .
Although there is some variation for which the sources are not precisely known, the SPS extraction has now been routinely set up 4±5 times a year 1995 to extract 10±15% for protons.
Lastly it should be mentioned that a bent crystal may replace extremely costly or exceedingly complex extraction schemes as e.g. that necessary for extraction of particles from the LHC by means of conventional or superconducting magnets. Furthermore, as the parasitic operation of a crystalline extraction device can be considered part of the collimation scheme [84] , the extracted beam comes`for free' since only particles which would anyway be lost are extracted.
Focussing
As for the case of a normal magnetic dipole, a focussing eect can be obtained in one plane by proper shaping of the endface. In the case of crystals, it was initially tried to compress one end of the crystal by slicing it and using mechanical compression with relatively modest success [83] . It was also proposed to use strained layer lattices to obtain a focussing eect, but before any experimental tests on this could be performed, the Dubna group proposed and tested a mechanically bent focussing device where the endface of the crystal has an inscribed circle of radius r and the crystal is bent all the way to the edge with a radius of curvature R [85] .
The focal length of the device is given as L 4r 2 À R 2 1a2 . A series of experiments have been performed with several crystals performing a sequence of focussing and defocussing actions and other non-intentional focussing devices have been found (although these results are harder to understand since the crystals are not bent all the way to the deformed edges). One advantage is that very small focal sizes, a 2w c L of the order a few microns (a b-function of about a mm), can be obtained at high energies while the eect (apart from losses) is essentially independent of momentum in contrast to a normal magnet [86±88].
Spin-precession in a crystal
In analogy with a top possessing an angular momentum in the gravitational ®eld of the earth, a moving particle possessing a magnetic moment will precess in an inclined magnetic ®eld. Therefore, since the ®eld in a bent crystal is equivalent to a strong magnetic ®eld, a charged particle with spin, s, and magnetic moment, l gl B s, will precess during the passage of a bent crystal if the spin and magnetic ®eld are inclined. Here, g is the gyromagnetic moment and l B e" ha2mcY l N e" ha2m p c the Bohr magneton and the nuclear magneton, respectively, m p being the mass of the proton. For an ultrarelativistic particle with g T 2 there exists a connection between the spin precession, h s and the change of momentum direction, h p h s g À 2 2 ch p X
In fact, using the side of the crystal actually turns out to be a virtue since in that case there is a coupling between the horizontal position and the vertical angle, such that the channeled beam that exits is well de®ned in both planes. The de¯ection eciency, 1X0 Â 10 À4 , is in good agreement with a calculation based on the model and, as intended, suits the purpose of reduction of the intensity perfectly.
The measured background of muons in the experiment is about a factor 10 lower than what would be expected from de¯ection in a magnet. The application of a bent crystal as a beam-splitting device in K12 is thus a big success.
Extraction at LHC or RHIC
For h 0X5 mrad (of the order of that required to extract protons to a magnetic septum at the LHC) the optimum length for W is only 9 cm, see Eq. (11) . Nevertheless, at 7 TeV, bent tungsten crystals may be unusable due to the dislocation density and the gain for de¯ection at these energies and angles compared to the use of Ge is anyway marginal, unless there is something to be gained from the surface transmission. A more realistic proposition would be to use a Si (110) crystal which can be grown to almost any size with very small dislocation densities and essentially without mosaic spread. The optimum length at 7 TeV for an external beam with h 0X5 is then 0.065L D , corresponding to 19 cm. However, due to the multi-pass extraction mechanism, the optimal crystal for extraction is substantially shorter.
Likewise, given the results for de¯ection of fully stripped ions at the SPS, it can be envisaged to extract 100 GeV/amu fully stripped Au nuclei from RHIC for ®xed target physics.
As mentioned, a bent crystal as an extraction device can be operated parasitically and can yield a usable beam for ®xed target physics at an expense of practically zero.
Conclusions
As is evident from the above, the ®eld of charged particle de¯ection in bent crystals is now mature and well-tested in many ways. It is thus in principle very easy to predict with good accuracy how well a new application will perform. This, combined with the ease with which crystals can be set up as de¯ection or extraction devices and their comparatively low price, appeals for widespread use of bent crystals.
We thus, among many other possibilities, foresee the use of bent crystals as extraction devices at the coming LHC at CERN and at the RHIC at Brookhaven.
